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Abstract
In this review, we first reassess the supernova remnant paradigm for
the origin of galactic cosmic rays in the light of recent cosmic-ray data
acquired by the Voyager 1 spacecraft. We then describe the theory
of light element nucleosynthesis by nuclear interaction of cosmic rays
with the interstellar medium and outline the problem of explaining the
measured Be abundances in old halo stars of low metallicity with the
standard model for the galactic cosmic ray origin. We then discuss the
various cosmic ray models proposed in the literature to account for the
measured evolution of the light elements in the Milky Way, and point
out the difficulties that they all encounter. Amongst all possibilities, it
seems to us that the superbubble model provides the most satisfactory
explanation for these observations.
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1. INTRODUCTION
Galactic cosmic rays (GCRs) are widely believed to be accelerated at shock waves generated
by supernova (SN) explosions in the interstellar medium (ISM)(1, 2). In the last few decades,
X- and gamma-ray observations of various CR candidate sources have brought valuable
information on the particle acceleration mechanism at work in SN remnants (SNRs) (3, 4, 5).
Observations of the diffuse Galactic emission with the Fermi Large Area Telescope (LAT)
have also shed new light on the CR origin and the propagation of these particles in the ISM
(6, 7). However, these observations put constraints only on CRs of kinetic energies above
a few hundred MeV/nucleon: the flux and composition of lower energy CRs in the ISM
remain poorly known.
Low-energy (. GeV) CRs are thought to be major actors in the Galactic ecosystem.
They are the primary source of ionization and heating of dense molecular clouds, and thereby
play a pivotal role in driving interstellar chemistry and in the process of star formation in
these regions. They may also excite magnetohydrodynamical turbulence in the ISM, and
provide a critical pressure support to launch the Galactic wind into the halo (8). Here, we
focus on the spallogenic nucleosynthesis of the light elements lithium, beryllium, and boron
(LiBeB), induced by the nuclear interactions of sub-GeV GCRs with nuclei of the ISM
(9, 10). This process is important to explain the observed evolution of the LiBeB isotopes
throughout the lifetime of the Galaxy (11, 12). Remarkably, crucial information about the
sources of GCRs can be obtained when predictions from this scenario are confronted with
observations of light elements abundances found at the surface of old halo stars (13, 14, 15).
The low-energy region of the interstellar CR spectrum cannot be directly measured near
Earth because of the solar modulation effect. However, since August 2012, the Voyager 1
spacecraft has reached a region close to, or beyond the heliopause, and it is now measuring
a stable flux of particles most likely corresponding to the local interstellar spectrum of CRs
(16). The Voyager 1 scientific team has thus recently provided very valuable measurements
of the local energy spectra of GCR nuclei down to 3 MeV/nucleon (17). When combined
with the precision measurements of CRs of larger energies performed by the Alpha Magnetic
Spectrometer (AMS-02) on the International Space Station (18, 19), these data provide
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an unprecedented view of the local interstellar spectra of GCR nuclei over six orders of
magnitude in energy. In addition to that, infrared and radio molecular lines have been
detected in the spectra of a number of molecular clouds located within few kpc from the solar
system. These lines are induced by the CR-ionization of interstellar molecular hydrogen
and can be used to constrain the intensity of low-energy CRs (20, 21).
In this review, we reassess the theory of light element production by GCR nucleosynthe-
sis in the light of these new data on low-energy CRs. First, in Section 2 we discuss the SNR
paradigm for the origin of GCRs (22) and compare its predictions against the measurements
of the local interstellar spectrum of GCRs as observed by Voyager 1 and AMS-02. We then
perform in Section 3 a study of the spallogenic nucleosynthesis of light elements in the light
of the measured CR spectra. In Section 4, we discuss the various CR models proposed in
the literature to account for the measured evolution of the light elements in the Galaxy.
We conclude in Section 5 with a brief summary.
2. THE SUPERNOVA REMNANT PARADIGM FOR THE ORIGIN OF
GALACTIC COSMIC RAYS
Any theory for the origin of GCRs must explain how and where these particles take their
energy from, why their energy spectrum is very close to a power law over so many decades
in particle energy, the remarkably high level of isotropy of their observed intensity, and
their chemical composition.
There is a universal consensus on the fact that the bulk of CRs (dominated by mildly
relativistic nuclei of energy around 1 GeV/nucleon) is of Galactic origin, and a very wide
consensus on the fact that such nuclei are accelerated at SNR shocks (1, 2). The main
reasons supporting a SNR origin of CRs are quite solid and can be stated as follows (22):
1. the mechanical energy released during the explosions of galactic SNe suffices to explain
the observed intensity of CRs, provided that a (very plausible) efficiency of ≈ 10% is
assumed for the conversion of mechanical energy into CRs (23, 24, 25);
2. an acceleration mechanism, diffusive shock acceleration, is believed to operate at
SNR shocks and to produce particle distribution functions which are power laws in
momentum f0(p) ∼ p−q with q ≈ 4. This corresponds to energy spectra which are
also power laws ∼ E−s with s ≈ 2 (s ≈ 1.5) for relativistic (non relativistic) particle
energies (26);
3. the observed relative abundances of primary to secondary CR nuclei (for example the
B/C ratio) indicate that the confinement time of relativistic particles in the Galaxy
decreases with particle energy (or momentum) as τc ∼ p−δ, with δ ≈ 0.3...0.8 (27, 28).
The expected equilibrium spectrum of the CRs injected by SNRs in the Galaxy is
then ∼ f0τc ∼ p−(q+δ), which is quite close to the observed one ∼ p−4.7 (∼ E−2.7).
In situ observations of the Earth bow shock provide a direct proof of the occurrence
of diffusive shock acceleration (29). On the other hand, to know whether diffusive shock
acceleration operates at SNR shocks or not, one has to rely on indirect observations. The
radio (30) and X-ray (31) synchrotron emission detected from a large number of remnants
demonstrates that SNR shocks do accelerate electrons (and thus plausibly also protons and
nuclei) with power law spectra extending from the GeV up to the multi-TeV energy domain.
The signature of the acceleration of protons and nuclei at SNR shocks can be found
in their gamma-ray spectrum, which results from the decay of neutral pions produced
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during inelastic interactions between accelerated nuclei and the interstellar gas. A char-
acteristic feature of the pi0-decay emission is a very sharp rise of the gamma-ray spectral
energy distribution in the sub-GeV energy domain, which makes it clearly distinguishable
from the emission from competing leptonic mechanisms (inverse Compton scattering and
Bremsstrahlung) (32). Such a distinctive feature has been detected from a handful of SNRs
observed by the Fermi satellite (see e.g. Fig. 2 in (4)). Moreover, several SNRs interact-
ing with dense molecular clouds have been detected in gamma rays in both the GeV and
TeV energy domain (33). The presence of the molecular cloud provides a dense target for
inelastic proton-proton interactions, which induces a strong enhancement of the hadronic
gamma ray emission from interacting SNR. For this reason, the spatial correlation observed
between the gamma-ray emission and the gas density distribution definitely points towards
a hadronic origin of the emission (34). Thus, based on gamma-ray observations one can
conclude that SNRs certainly accelerate nuclei up to (at least) the TeV energy domain.
Unfortunately, it remains unclear whether the acceleration mechanism operating at
SNRs can boost the energy of particles all the way up to the PeV domain and beyond.
In fact, nuclei must be accelerated by galactic sources up to an energy of ∼ 3 × 1018 eV,
where the transition from Galactic to extragalactic CRs is believed to occur. The capability
of SNRs to accelerate galactic CRs up to these extreme particle energies remains a major
open issue that might question the validity of the SNR paradigm (35). The problem is both
observational and theoretical: on one side, gamma-ray observations beyond the TeV energy
domain are difficult to be carried out due to very limited statistics (36), and on the other,
predictions from the theory of diffusive shock acceleration struggle to reach the extremely
large particle energies required to fit CR observations (37).
In the remainder of this Section we discuss in some detail the mechanism of diffusive
shock acceleration (Sec. 2.1) and its predictions for the spectral shape (Sec. 2.1.1) and
chemical composition (Sec. 2.1.2) of the CRs released by SNRs in the ISM. In Sec. 2.2 we
present a variation of the SNR paradigm, where CRs are accelerated inside superbubbles,
i.e., large cavities inflated in the ISM around star clusters, due to the combined effect of
stellar winds and SN explosions. The role of the transport of energetic particles through
the ISM in shaping the spectrum of CRs observed locally are finally discussed in Sec. 2.3.
2.1. Cosmic rays from supernova remnants: diffusive shock acceleration theory.
The assumption at the basis of the diffusive shock acceleration mechanism is that energetic
particles are scattered very effectively by magnetic disturbances on both sides of the shock.
Magnetic disturbances can be taken to be at rest in the fluid frame, where the scattering
is assumed to be elastic. The scattering makes then the distribution function of energetic
particles almost isotropic in such frame, which is essential in order to adopt a diffusive
description of the problem. While the energy of particles increases by a quite small amount
after a single interaction with a shock, their diffusive behavior makes it possible for some
of them to cross repeatedly the shock, and therefore increase substantially their energy. As
we will show in the following, it is very remarkable that the energy spectrum of particles
accelerated at shocks is independent on any detail of the scattering process, and depends
on the shock compression only. Moreover, for strong shocks the solution has an universal
behavior, and the particle distribution function at the shock becomes f0(p) ∝ p−4.
The picture described above fails to provide a good working framework when the velocity
of the accelerated particle v is comparable to or smaller than the shock speed. At such low
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particle energies the main issue is to understand how thermal particles advected into the
shock can gain a sufficient amount of energy to enter (or be injected into) the acceleration
mechanism. A discussion of the injection problem goes beyond the scope of this review,
and the interested reader is referred to (38) for further details.
Shock compression
factor: is the ratio
between the gas
density downstream
and upstream of a
shock. For a shock
propagating in a
monoatomic gas is
related to the shock
Mach number M as
r = 4M2/(M2 + 3).
The compression
factor is equal to 4
for strong (large
Mach number)
shocks, and smaller
than that for weak
ones.
Consider now an infinite and plane shock that propagates at a constant speed us. It
is convenient to move to the rest frame of the shock, where the upstream fluid enters
the shock with a constant velocity u1 = us, and the downstream one is carried away at
u2 = us/r, where r is the shock compression factor. The essence of the physics of diffusive
shock acceleration can be easily grasped after recalling that the acceleration proceeds due
to repeated cycles of a CR around the shock. It has been shown in (39) that after each
cycle the momentum of a particle is increased by a small amount pi+1 = pi(1 + βacc)
with βacc = 2(u1 − u2)/3v  1, and that the particle undergoing acceleration has a small
probability Pesc = 4u2/v  1 per cycle to be advected downstream and leave the system.
Therefore, the number of particles that performed at least k cycles, and then reached a
momentum larger than p = p0(1 + βacc)
k is 4pip2f0(> p) ∼ (1− Pesc)k. After eliminating k
and differentiating with respect to p one gets the power law solution:
f0(p) =
q Q0
4pip3injus
(
p
pinj
)−q
where q = 3 +
Pesc
βacc
=
3r
r − 1 1.
In deriving Equation 1 it was assumed that particles of momentum pinj are injected into the
acceleration mechanism at a rate per unit shock surface equal to Q0. It is a truly remarkable
fact that Equation 1 does not depend on the properties of CR transport at shocks (e.g. the
particle diffusion coefficient), but on the shock compression only. Moreover, a universal
solution f0(p) ∝ p−4 is obtained in the strong shock limit (r = 4).
The solution given by Equation 1 has been obtained by treating CRs as test particles,
i.e., no reaction of the accelerated CRs onto the shock structure was considered. In fact, this
approximation is questionable, because at least two kinds of non-linearities may enter the
problem. First of all, under many (realistic) circumstances, the pressure of CRs cannot be
neglected, and this leads to a modification of the shock structure that tends to increase the
compression of the gas beyond r = 4 (40). Second, the streaming of CRs ahead of the shock
leads to a plasma instability, called streaming instability, that excites magnetic turbulence,
enhances the scattering of CRs, and may even significantly amplify the magnetic field
strength at shocks (41). If these non-linearities are taken into account, deviations from the
solution reported in Equation 1 are found. However, according to state-of-the-art models,
the combined effect of shock modification and magnetic field amplification leads to spectra
of accelerated CRs which are still remarkably close to power laws. More specifically, spectral
slopes predicted by non-linear models are found to be slightly steeper than the canonical
value q = 4 for strong shocks (42). These theoretical studies were prompted by the detection
of several SNRs in gamma rays. These data seem to indicate that CR are accelerated at
these objects with spectra steeper than p−4 (33).
2.1.1. Particle escape from SNR shocks and the spectrum of CRs released in the ISM. A
crucial aspect of diffusive shock acceleration which is still far from being fully understood
deals with the escape of CRs upstream of shocks. The understanding of the escape mecha-
nism is mandatory in order to estimate the spectrum of CRs which are released in the ISM
by SNRs (e.g. (43), see also (44) for a review).
Clearly, in an idealized picture where the shock is assumed to move at constant speed
www.annualreviews.org • Light element production by cosmic rays 5
and to be plane and infinite, no escape upstream is possible, and all the CRs accelerated at
the shock will be eventually advected into the far downstream region. However, this is not
a good description of a SNR shock, which has a finite (spherical) size and is characterized
by a decelerated rather than constant expansion velocity. According to the picture that
emerged from a number of theoretical investigations, highest energy CRs are released at a
very early phase of the SNR evolution, and particles of lower and lower energy are gradually
released as the SNR shock speed decreases (44). Even though this qualitative picture seems
quite plausible, a fully self-consistent and quantitative description of this continuous escape
of particles is still lacking. This is especially true for the late phases of evolution of SNRs,
and it is indeed possible that some of the lowest energy (i.e. below a not very well defined
energy Ebreak) CRs accelerated at the SNR shock are released at the end of the evolution
of the remnant only, when the shock becomes subsonic and dissolves in the ISM (45). The
difficulties encountered in developing quantitative models reside in the non-linearity of the
problem: it is the turbulence generated by the stream of accelerated CRs ahead of the shock
that confines them into SNRs (41).
Here we present a toy model that, despite of the (deliberate) simplifying assumptions,
hopefully grasps all the main physical ingredients of the problem. The central question to
be addressed is: how does the spectrum of CRs released by SNRs in the ISM Fesc(p) relates
to the spectrum of particles accelerated at the shock f0(p)? The relationship between these
two quantities is derived below, under the assumption that at any given time during the
SNR lifetime, a fixed fraction η of the shock kinetic energy (1/2)%u3s is converted into CRs
(% is the density of the ISM). In this scenario, the normalization factor in Equation 1 can
be written as Q0 ∼ ηu3s, as long as the slope of f0(p) stays in the range 4 < q < 5 (which
encompasses virtually all of the relevant situations).
A dimensional argument can be used to estimate the maximum momentum of CRs that
can be confined within a spherical shock of radius rs expanding at a velocity us: a particle
can be confined if its diffusion length upstream of the shock DB/us is smaller than the
characteristic length scale of the system rs (45). Here, DB ∼ rgv is the Bohm diffusion
coefficient, appropriate to describe particle transport in highly turbulent environments. rg is
the particle gyroradius and v its velocity. This implies: (pv)max ∼ ZersBs(us/c) where Bs is
the magnetic field strength upstream of the shock and Z is the particle charge in units of the
elementary one e. In both the relativistic (v/c ∼ 1) and non-relativistic (v/c 1) regimes
the quantity pv is very close to the kinetic energy of the particle. We can then rewrite the
confinement condition in terms of the energy per nucleon as: Emax ≈ (Z/A)ersBs(us/c),
where A is the atomic mass.
The evolution of SNRs in an homogeneous medium is self similar, with rs ∝ tα and
us = αrs/t. During the Sedov (energy conserving) phase α is equal to 2/5, while it is smaller
than that during later phases, where radiative energy losses can no longer be neglected. In
most scenarios for magnetic field amplification at shocks, a given fraction of the shock
ram pressure %u2s is converted into magnetic energy B
2/8pi (41). It follows then, that the
maximum energy per nucleon that can be confined at a SNR shock depends on time as
Emax ∼ tδ, where δ = 3α− 2.
Consider now the acceleration upward in momentum at the shock, which can be de-
scribed by a flux of particles per unit shock surface equal to φ(p) = (4pi/3)p3f0(p)(u1−u2).
The quantity φ(pmax) represents then the flux of particles that, being accelerated beyond
pmax, can escape the SNR. The spectrum of CRs released in the ISM during the whole
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lifetime of a SNR can finally be computed as:
Fesc(p) ∼
[
φ(pmax)(4pir
2
s)
dt
dpmax
]
pmax=p
∼ ηp−q(u2sr3s) 2.
where all the proportionality constants have been dropped after the second equality. The
equation above is valid as long as pmax scales with time as a power law (regardless of the
actual value of the slope δ). The term (u2sr
3
s) is conserved during the Sedov phase (α = 2/5),
being proportional to the total energy of the system.
Equation 2 has been obtained here in the framework of a test-particle theory, but it
remains valid also if non-linear effects are taken into account (45). It implies that, during
the Sedov (energy conserving) phase, the spectrum of particles released in the ISM has
the same shape than that found at the SNR shock: Fesc(p) ∼ f0(p). On the contrary,
after a time trad the SNR enters the radiative phase (α < 2/5) and the following things
happen: i) (u2sr
3
s) is no longer constant, but decreases with time (or with particle momentum
p = pmax(t)), because a non negligible fraction of the total available energy leaves the
system in form of photons; ii) for the same reason, the shock compression factor increases
well above the reference value r = 4, and as a consequence the spectrum of accelerated
particles becomes harder than the canonical p−4; iii) the assumption of constant acceleration
efficiency becomes very questionable at late times, and η is expected to drop when radiative
losses are important and the shock Mach number approaches unity; iv) CR particles trapped
in the SNR during the radiative phase may suffer ionization and Coulomb energy losses,
inducing a hardening in their spectrum at low energies. It follows that, even if the details
of the escape mechanism remain elusive, at an energy per nucleon equal to Emax(trad) a
break in the spectrum of escaping CRs might be expected, in the form of a hardening of
the spectrum towards lower momenta.
In the absence of both observational constraints and of a quantitative theory for escape,
it is very difficult to predict at which particle momentum one should expect a deviation
from Fesc(p) ∼ f0(p), as well as the amount of spectral suppression towards low energies.
Some theoretical studies seem to suggest that this might happen in the trans-relativitic or
mildly relativistic (≈ GeV domain) regime (45). As we will show in the following, a low
energy break in the spectrum of energetic particles injected in the ISM is indeed required
in order to fit the observed local spectrum of CRs. The qualitative results presented in
this Section should be then considered as a plausibility argument in favor of the presence
of such spectral break.
2.1.2. Chemical composition of primary cosmic rays at injection. The observed elemental
abundances in GCRs are compared with the solar system abundances in Figure 1. Over-
all, the two distributions look remarkably similar for most elements, with some important
exceptions. In particular, light (Li, Be, B, the focus of this review) and sub-iron (Sc, Ti, V,
Cr, Mn) elements are overabundant by many orders of magnitude in GCRs. This striking
difference is interpreted as the result of nuclear spallation reactions that occur during the
propagation of CRs in the ISM, resulting in the breakup of relatively abundant heavy nuclei
into lighter ones (30).
A less pronounced but still very evident difference is the enhanced abundance in the
cosmic radiation of elements with Z > 2 with respect to H and He. Such enhancement is
not related to nuclear processes, but is rather regulated by atomic parameters such as the
mass-to-charge ratio. In the same line, refractory elements are found to be relatively more
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Figure 1
Abundances of elements as function of atomic number up to Z = 40 (Zr) normalized to 106 Si
atoms. The solar system abundances (black symbols) are taken from Table 10 in Ref. (46). The
GCR abundances (green symbols) are from Voyager 1 measurements (17, Table 3) up to Fe
(Z = 26), from measurements with the Trans-Iron Galactic Element Recorder (TIGER)
balloon-borne instrument (47) for Co (Z = 27) and Cu (Z = 29), and from SuperTIGER
observations (48) for the other elements.
abundant than volatile ones in GCRs (51, 47, 48), which can be explained in a scenario where
dust grains, being characterized by a very large mass-to-charge ratio, are accelerated very
effectively at shocks (49, 50). During the acceleration, grains attain velocities large enough
to be eroded by sputtering. The sputtered particles would then be refractory elements, that
will have the same velocity of the parent grain. Such a velocity is much larger than the
shock speed, and this guarantees the injection of refractory elements ejected by grains into
the acceleration process, independently on their mass-to-charge ratio (49, 50).
Volatility: is the
tendency of an
element to be found
in its gaseous state,
rather than
condensed into dust
grains. Elements
with low (high)
condensation
temperature are
called volatiles
(refractory).
Rigidity: regulates
the motion of
particles in a
magnetic field B,
and is defined as
R = rgB =
pc
Ze
where rg is the
particle gyration
radius.
Among the GCR volatile elements, the heavier ones are found to be relatively more
abundant than lighter ones, while such a trend is not observed (or is very much weaker)
among refractory elements (47, 48). From theory, it is difficult to see how the atomic
mass A alone could be the physical parameter regulating the acceleration efficiency of
volatile elements. A much more plausible physical parameter would be the rigidity, which
is proportional to the mass-to-charge ratio A/Z of ions, and governs the behavior of particles
in magnetized environments such as shocks. Indeed, such a rigidity dependent enhancement
is predicted by state-of-the art simulations of diffusive shock acceleration, with a scaling in
the sub-relativistic particle energy domain equal to (52):
Ci ≡ fi(E/Z
ISM
i )
χifp(E)
∼ (Ai/ZISMi )2 . 3.
Here, fi and fp are the CR particle distribution functions at the shock for elements of specie
i of atomic mass Ai and for protons, respectively, χi is the ISM abundance of element i
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with respect to hydrogen, E is the particle energy, and ZISMi represents the typical charge
(ionization state) of ions i in the ISM at the moment on their injection into the acceleration
process. The value of ZISMi is in general different from Zi and typically is equal to 1 in the
warm phase of the ISM, and larger than that in the hot one. The enhancement factor can
be parametrized as ∼ Aαi , with α = 2 for singly ionized elements, and α < 2 for higher levels
of ionization, under the assumption that the charge state ZISMi scales with some power of
the atomic mass Ai. Ions of charge Z
ISM
i (generally smaller than Zi) are injected from
the ISM into the acceleration process, and they are then stripped of their electrons as the
acceleration proceeds to large energies (53).
Here and in the following we will focus mainly on H-He and CNO CRs, since they
dominate the production of the light nuclei Li, Be, and B in direct and inverse spallation
reactions, respectively. All these elements are highly volatile, and their abundance in GCRs
should then be enhanced according to their mass-to-charge ratio as described by Equation 3.
We note that the observed overabundance of the 22Ne isotope in GCRs suggests that a sig-
nificant fraction of these particles comes from the acceleration of Wolf-Rayet wind material
enriched in He-burning products, mainly 12C, 16O and 22Ne (49). This has no impact on
the LiBeB calculations, but it will be further discussed, however, in Section 4.2.
2.2. Cosmic ray acceleration in superbubbles
In describing the SNR paradigm for the origin of CRs we implicitly assumed that the
acceleration of particles takes place at the shocks of isolated SNRs, propagating in an average
ISM of density ∼ 1 cm−3. While this is a very plausible assumption for thermonuclear (Type
Ia) SNe, it is most likely not a good one for core-collapse SNe, whose progenitors are very
often found in OB stellar associations. Massive O and B stars form in groups (associations)
as the result of the collapse of giant molecular clouds. Estimates of the fraction of O and
B stars found in such associations range from ∼ 60% (54) to ∼95% (55). This, together
with the fact that core-collapse SNe constitute a vast majority of all of the galactic SN
explosions, implies that a large fraction of Galactic SNRs originated in OB association, and
therefore that the explosion of SNe in the Galaxy is likely to be quite strongly correlated
in both time and space.
In this scenario, the shocks of SNRs originating from OB associations propagate in the
large ( 10 pc), hot (> 106 K), diluted (< 10−2 cm−3), and highly turbulent cavities
inflated by the combined effect of stellar winds and SN explosions of the OB stars that
belong to the association (56). Such cavities, called superbubbles, are surrounded by dense
shells of swept-up ISM, and their interior consists of a mixture of SN ejecta and stellar
wind material from OB stars, with the addition of some standard ISM that survived inside
the cavity in the from of dense clumps, or that evaporated off the dense shell (57). The
chemical enriched interior may play an important role in the spallogenic nucleosynthesis of
LiBeB, as discussed in Section 4.3, and their large size and highly turbulent interior might
confine and accelerate nuclei up to the energies of the transition to extragalactic CRs (35).
Particles can be accelerated at individual SNRs inside superbubbles via diffusive shock
acceleration. In this case the acceleration would be concentrated in the relative small frac-
tion of the volume of the cavity surrounding the most recent SNe (55). On the other hand,
the collective effects of stellar winds and SN explosions would make the cavity an extremely
turbulent medium, characterized by the presence of multiple shocks, intermittence, large
scale turbulent flows, and MHD waves. Particles can be accelerated due to the interaction
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with this complex ensemble of flows, and in this case the acceleration would be distributed
more or less throughout the entire cavity (58, 59, 60).
A rigorous description of the acceleration of particles in such a medium is not at all
straightforward, due to the poorly constrained properties and very complex structure of
the turbulent fluid. However, an analogy can be made with the acceleration of CRs at
multiple shock waves spread over the entire volume of the cavity and characterized by a
stochastic distribution of velocities (61, 62). A characteristic particle energy Ebreak can be
identified by equating the particle diffusion length ahead of a shock to the typical distance
between shocks. Particles with energy < Ebreak have a very low probability to escape the
shocks, because a particle advected away from a given shock would be caught and further
accelerated by another one. A qualitative insight onto the particle spectrum resulting from
this acceleration mechanism can be obtained from Equation 1. After assuming that no
escape of particle from the acceleration region is possible (Pesc = 0) one obtains a very
hard spectrum described by f0(p) ∼ p−3 (61). While the hardening of the spectrum below
Ebreak is a quite solid prediction, the exact numerical value of Ebreak and of the spectral slope
depend on the poorly constrained details of the acceleration mechanism. However, models
performed by independent groups suggests that Ebreak should fall in the trans-relativistic
energy domain (60, 63). For energies larger than Ebreak the acceleration mechanism changes
significantly and is no longer due to the interaction with multiple shocks. In particular,
detailed calculations showed that the spectrum steepens, resembling that expected from
the acceleration of particles at a single shock: f0(p) ∼ p−q with q >∼ 4 (60). This finding
suggests that, as found for SNRs, also in the superbubble scenario a low energy break might
be present in the spectrum of CRs released in the ISM.
2.3. Cosmic ray propagation in the interstellar medium: the leaky-box model.
Once released from their sources, CRs propagate in the turbulent and magnetized ISM
and, depending on their energy, may eventually escape the Galaxy, lose their energy or
be destroyed due to interactions with ISM matter. The relative abundances of primary
and secondary CRs (e.g. the B/C ratio) can be explained in terms of spallation reactions
if the bulk of CRs (≈ GeV particles) traverse on average a grammage Λesc ≈ 10 g/cm2
before escaping the Galaxy. For relativistic particles and a typical mass density %ISM ∼
10−24 g cm−3, the residence time τesc ∼ 10 Myr. It follows that the path length traveled by
CRs before escape L = τescv ∼ 3 Mpc, which is way larger than the size of the Galaxy. This
suggests that the confinement of CRs in the Galaxy is diffusive, and provides an explanation
for the high level of isotropy observed in the arrival direction of CRs at Earth (2).
The diffusive behavior of CRs is due to their interactions with the turbulent interstellar
magnetic field. A detailed analysis of this process goes beyond the scope of this review and
in the following we present a simplified and stationary model where CRs are assumed to be
confined within a given volume (a box) and have a constant probability per unit time to
escape (or leak) out of it. This is called leaky box model, and is described by (10):
Grammage: is
equivalent to a
thickness and is
generally expressed
in g/cm2. It is
related to the
residence time of
CRs in the Galaxy,
τesc, by
Λesc = τescv%ISM,
where v is the CR
particle velocity and
%ISM the average
mass density of the
ISM crossed by CRs
before escaping.
Ni(E)
τ toti (E)
+
∂
∂E
[(
dE
dt
)
i
Ni(E)
]
= Q˙i(E) , 4.
which can be solved to obtain the equilibrium distribution of CRs Ni(E) of specie i as
a function of the energy per nucleon E. Particles of a given specie are assumed to be
injected in the ISM at a rate Q˙i(E) due either to the escape from astrophysical accelerators
or as the result of the breakup of heavier species in spallation reactions. They are then
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subject to both continuous (mainly ionisation and Coulomb energy losses at a rate (dE/dt)i)
and catastrophic losses on a characteristic time scale τ toti , which generally include the
effects of escape from the Galaxy and nuclear destruction (as well as radioactive decay for
radioisotopes):
1
τ toti
=
1
τ inei
+
1
τ esci
∼= 1
v(nHσineiH + nHeσ
ine
iHe)
+
Λesc
v(nHmH + nHemHe)
. 5.
Here, nj is the density of the ambient constituent j, σ
ine
iH and σ
ine
iHe are the total inelastic
cross sections (see 64, 65, 66, and references therein) for particle i in H and He (by far the
most abundant constituents in the ISM), and mH and mHe are the H- and He-atom masses.
Equation 4 can easily be solved for stable, primary nuclei. If the contribution from
spallation is neglected in the injection term, then Q˙i(E) represents the spectrum of CRs
injected in the ISM by astrophysical sources1. The equilibrium solution for the CR energy
spectrum in the ISM is then (10):
Ni(E) =
1
(dE/dt)i(E)
∫ ∞
E
dE′Q˙i(E
′)Pi(E
′, E) , 6.
where Pi(E
′, E) is the survival probability of particles i in the Galaxy as they slow down
from E′ to E:
Pi(E
′, E) = exp
[
−
∫ E′
E
dE′′
(dE/dt)i(E′′)τ toti (E′′)
]
. 7.
In the following, we compute the ionization and Coulomb energy loss rates (67) assum-
ing that 20% of the ISM density is in form of ionized H of temperature 104 K.
2.3.1. A fit to Voyager data. Figure 2 shows the local interstellar spectrum of CRs as
observed by Voyager 1 (17), together with near Earth (i.e. subject to solar modulation)
measurements of CRs performed by AMS-02 (18, 19) and HEAO-3-C2 (68). In order to
interpret Voyager 1 data, we rely on the earlier results of Jones et al. (69), where best
fits to near Earth measurements of the B/C and sub-Fe/Fe GCR abundance ratios were
obtained after adopting the following grammage:(
Λesc
g/cm2
)
=
{
11.8 β for R < 4.9 GV
11.8 β (R/4.9 GV)−0.54 for R ≥ 4.9 GV , 8.
where β = v/c is the CR velocity in units of the speed of light and R is the particle rigidity.
Note that, as expected in most propagation scenarios, the scaling found at low rigidities
(Λesc ∝ β) corresponds to a constant escape time τesc, i.e., to an escape of CRs from the
Galaxy regulated either by advection or by a rigidity independent diffusion. This fact makes
very plausible an extrapolation of Equation 8 down to the rigidities probed by Voyager 1.
Having fixed Λesc, Equation 4 can be solved to fit data and eventually derive the injection
spectrum of CRs in the ISM Q˙i(E).
As a first attempt, we assume a pure power law in momentum per nucleon for the CR
injection spectrum:
Q˙i(E) = 4pip
2fi(p)
dp
dE
= Kiβ
−1
(
p
Ai
)2−q
9.
1This is a very accurate assumption for p, He, C, and O, while it is valid only in an approximate
way for N (51).
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Figure 2
Differential fluxes of GCR protons and α-particles (panel a) and of CNO nuclei (panel b),
measured by Voyager 1 (red circles) in the local ISM (17), AMS-02 (blue stars; 18, 19) and
HEAO-3-C2 (green squares; 68) near Earth. The solid curves show the best-fit propagated spectra
from the leaky-box model assuming a broken power-law source spectrum:
Ebreak = 200 MeV/nucleon, qh.e. = 4.3, ql.e. = 3.75 for H and He, and 3.0 for CNO (see text).
The dashed lines show the results for an unbroken power-law source spectrum of slope q = 4.3.
and we obtain a good fit to high energy data (dotted lines in Figure 2) for q = 4.3 and
for Ki/KH = 0.095, 0.0039, 0.00072, 0.0046 for i = He, C, N, and O, respectively. In order
to fit also Voyager 1 data (solid lines in Figure 2) we introduce a break in the injection
spectrum of all species at a fixed energy per nucleon: Ebreak = 200 MeV/nucleon. We keep
the slope of the spectrum above the break equal to qh.e. = 4.3, while below Ebreak we found
ql.e. = 3.75 for H and He and ql.e. = 3.0 for CNO nuclei (the pedices h.e. and l.e. stand
for high energies and low energies, respectively). A low energy break is indeed expected
in most scenarios of acceleration of CRs (see Sections 2.1.1 and 2.2), but the reason of the
difference of ql.e. for different species remains unclear and should be further investigated.
This difference also makes it difficult to perform a direct comparison between our results
and the prediction of diffusive shock acceleration theory for the CR chemical composition
(Section 2.1.2). The CR injection spectrum Q˙i(E) obtained from the fit to data will be used
in the following to make predictions about the spallogenic nucleosynthesis of light elements.
3. NONTHERMAL SYNTHESIS OF THE LIGHT ELEMENTS Li, Be, AND B
3.1. Observations
The abundance curve of the elements in the solar system presents a remarkable gap between
He and the CNO elements (Figure 1), which suggests that the rare elements Li, Be, and B
(LiBeB) are produced in the Universe by a specific process of nucleosynthesis. Already in
the B2FH landmark paper on stellar nucleosynthesis (70), the authors pointed out that the
LiBeB isotopes are rapidly destroyed in stellar interiors by thermonuclear reactions with
protons, and suggested that these isotopes are synthesized by a unknown “x-process” in a
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low-temperature, low-density environment.
Since then, it was found that primordial nucleosynthesis (or Big Bang Nucleosynthesis,
BBN) synthesized a significant amount of 7Li (e.g., 71), as evidenced by the Spite plateau
(72) of Li abundances in low metallicity halo stars of the Galaxy2. But the predictions of
standard BBN for the primordial abundances of the other LiBeB isotopes (6Li, 9Be, 10B and
11B) are at least three orders of magnitude below the abundances measured in metal-poor
stars (74).
The first hint that Li, Be, and B are significantly produced by nuclear interaction of
GCRs with the ISM comes from the measured abundances of these species in the GCRs,
which, relative to, e.g., Si, are higher than the solar system abundances by factors ranging
from about 104 for Li to 106 for Be (see Figure 1). However, the first quantitative study
of this idea had to wait for accelerator measurements of the cross sections for the nuclear
spallation reactions leading to the formation of LiBeB from proton bombardment of 12C,
14N, and 16O, which were performed in Orsay in the mid-1960s (75). In 1970, Reeves et al.
(9) showed that the pre-solar abundances of the light elements as measured in meteorites
can be approximately reproduced by assuming that they are synthesized by fragmentation
of interstellar (or GCR) CNO by GCR (or interstellar) protons and α-particles, plus a con-
tribution from α+ α reactions for Li production, and further assuming that the GCR flux
and CNO abundances have not changed throughout the history of the Galaxy. Quantita-
tively, Reeves et al. (9) found that a GCR proton flux of Fp(E > 30 MeV) ∼ 12 cm−2 s−1
averaged over ∼12 Gyr would be needed to reproduce the pre-solar abundance of Li (sic)
and Be. Remarkably, the proton flux measured by Voyager 1 in the local ISM (Figure 2)
is Fp(E > 30 MeV) = 15 cm
−2 s−1.
Metallicity: is the
fraction of mass of a
star or any
astrophysical object
that is not in H and
He. The protosolar
metallicity is
Z = 0.0153 (46).
The metallicity is
often estimated from
proxies such as the
O or Fe abundances
and the following
notation is often
used: [Fe/H] =
log[(Fe/H)/(Fe/H)],
where
(Fe/H)/(Fe/H) is
the Fe number
abundance relative
to its solar value.
More detailed calculations of LiBeB production, taking into account the diffusive trans-
port of GCRs in the Galaxy, were published one year later by Meneguzzi et al. (10). These
authors found that the GCR productions of 7Li and 11B are not enough to account for
the meteoritic data, and they proposed two additional sources for these isotopes: (i) stellar
nucleosynthesis in giant stars and (ii) spallogenic nucleosynthesis by an ad hoc low-energy
CR component, called “carrot”, not detectable near Earth due to the solar modulation.
Such a supplementary flux of low-energy CRs could significantly enhance the production of
7Li by α+ α reactions and that of 11B by the 14N(p,x)11B reaction (see the cross sections
for these reactions in panels (g) and (b) of Figure 4, respectively).
Since the seminal paper by Meneguzzi et al. (10), three possible stellar sources of
7Li were identified (see 15, and references therein): asymptotic giant branch stars (from
3He+4He reactions in the bottom of the convective stellar envelope), classical novae (from
explosive H-burning), and core-collapse SNe (from ν-induced nucleosynthesis). Thus, 7Li
is the only isotope in nature produced by either BBN, stellar nucleosynthesis, or GCR
interaction. A significant stellar production of 11B is thought to arise from ν spallation
of 12C in core-collapse SNe (76, 77), which could account for the missing source of 11B
identified by Meneguzzi et al. (10). At present, only 6Li, 9Be and 10B are thought to be
pure products of GCR nucleosynthesis3.
2Standard BBN calculations using the cosmological parameters determined by the Planck satel-
lite mission predict a Li primordial abundance about three times larger than the abundance deduced
from spectroscopic observations of metal-poor halo stars, and the origin of this discrepancy is not
yet understood (see, e.g., 73, and references therein).
3Asplund et al. (78) reported observations of high 6Li abundances in metal-poor halo stars
unexplainable by GCR nucleosynthesis, which would require an additional source also for this
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Figure 3
Observations of Be abundances vs. [Fe/H] (panel a) and [O/H] (panel b). Data are from Refs. (85,
black dots) and (86, red circles). The dashed (dotted) lines of slope one (two) represent a primary
(secondary) Be production. In panel (b), the solid line shows a fit to the data with a secondary Be
production component plus a primary component of constant Be/O = 1.0× 10−8. The Be vs. Fe
data (panel a) are consistent with a constant Be/Fe = 7.2× 10−7.
Studies of the origin of LiBeB took an unexpected turn in the 1990s, when further
observations of metal-poor halo stars (e.g. 83, 84) revealed that Be and B abundances
increase linearly with [Fe/H]. This is illustrated for the Be evolution in Figure 3a with the
data of Refs. (85, 86); measurements by other groups (e.g., 87, 88) show a similar trend (see
Figure 1 in Ref. 15). The observed metallicity dependence of Be was unexpected, because
this element was thought to be synthesized by spallation of increasingly abundant CNO
nuclei in both the ISM and the GCRs, which is a secondary production process leading to
a quadratic dependence of the nucleosynthesis product with metallicity (see 11, 13).
Primary and
secondary element
production: in
galactic chemical
evolution theory,
primary elements
have production
rates independent of
metallicity, because
they are synthesized
directly from H and
He, while the
production rates of
secondary elements
depend on the initial
metallicity of their
progenitors (89).
Not to be confused
with the secondary
CRs produced by
nuclear spallation of
primary CRs.
The observed linear evolution of Be with [Fe/H] is equivalent to a constant abundance
ratio for the entire period of Galactic evolution: Be/Fe = 7.2 × 10−7 (Figure 3a). For
[Fe/H] up to about −1, the bulk of Fe is thought to be produced in core-collapse SNe, as
Type Ia SNe do not yet contribute significantly, with a mean Fe yield per core-collapse SN
of ∼ 0.07 M, independent of the metallicity of the massive progenitor star (90). It implies
that the Be production rate was essentially constant in the early ages of the Galaxy, with
a mean Be production yield of 1.1× 1048 atoms per SN. This result is consistent with the
predicted Be production at the current epoch, assuming that about 10% of the total energy
in SN ejecta is converted to GCR energy (91, 14, see also Section 3.2.1 below). But the
Be production yield was expected to be much lower in the early Galaxy, at the time where
both the ISM and the GCRs were presumably strongly depleted in CNO nuclei. As first
suggested by Duncan et al. (92), the observed Be evolution can be explained if GCRs, or
at least the Be-producing CRs, have always had the same composition in CNO isotopes.
The various astrophysical models proposed in the literature for the origin of such a CR
population are discussed in Section 4.
isotope. Several production scenarios were proposed in the literature: (i) non-standard BBN (e.g.,
79, and references therein), (ii) pre-galactic nucleosynthesis during structure formation (e.g., 80) or
(iii) in situ production by stellar flares (81). But these high 6Li abundances were not confirmed by
subsequent observations (82).
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Figure 3b shows the same Be data as those of panel (a), but as a function of [O/H].
Oxygen is expected to provide a more direct indicator of the Be nucleosynthesis than does
Fe, because Be is mainly produced by spallation of O, along with C and N. We see in
Figure 3b that the Be abundances do not correlate with O as well as with Fe. The slope
of log(Be/H) versus [O/H] increases with increasing O abundance, which comes from the
observed increase of [O/Fe] with decreasing [Fe/H] (see 15, and references therein). Fitting
the sum of two linear functions of slope one and two to these logarithmic data, we find
that the primary production process dominates the Be synthesis up to [O/H] ∼ −0.5,
which corresponds approximately to the Galactic halo phase during the first billion years
of Galaxy evolution (see, e.g., 93). With a mean O yield per core collapse SN of ∼ 1.2 M
(90), and the best fit ratio Be/O = 1.0×10−8 (Figure 3b), we find that the Be production
yield at that time was about 9.0×1047 atoms per SN, consistent with the previous estimate
based on the Fe data. At the time of solar system formation 4.6 Gyr ago, and even more
so at the current epoch, Be is mainly produced as a secondary element.
The observation that [O/Fe] increases with decreasing [Fe/H] led Fields & Olive (94, 95)
to conclude that the standard GCR nucleosynthesis model, where CRs are accelerated out
of the average ISM, could explain the LiBeB origin, because the enhanced O abundance in
the early Galaxy should lead to a corresponding increase of the Be production. But the
data of Be vs. O still suggest the existence of a primary LiBeB production process at work
in the early Galaxy (Figure 3b), which is not explained by the standard model where the
GCR nuclei are drawn from the average ISM (91, 14, see also Section 3.2.1 below).
The B abundances are also found to increase linearly with [Fe/H] (see Figure 14 in
15), which is consistent with a constant abundance ratio: B/Fe = (B/Fe) = 2.2 × 10−5.
This ratio is about 30 times higher than the observed Be/Fe ratio, whereas calculations of
spallogenic nucleosynthesis in the ISM by standard GCRs (Section 3.2.1) predicts the B/Be
yield ratio to be QB/QBe ≈ 15 (91). Moreover, these calculations yield an isotopic ratio
11B/10B ≈ 2.5, which is significantly lower than the ratio measured both in meteorites,
4.05 ± 0.16 (96), and in the current epoch ISM, 3.4 ± 0.7 (97). All of these results can be
accounted for by a significant production of 11B by ν spallation of 12C in core-collapse SNe
(76, 77), which is a primary production process. However, the 11B yields of core-collapse
SNe strongly depend on the neutrino temperature and total neutrino energy, and they are
quite uncertain (see 98).
3.2. Spallogenic nucleosynthesis of light elements
3.2.1. Spallogenic nucleosynthesis in the ISM. The production rate of a light isotope l (6Li,
7Li, 9Be, 10B and 11B) by spallogenic nucleosynthesis in the ISM can be calculated by
Ql =
∑
ij
nj
∫ ∞
0
dEvσlij(E)Ni(E)Pl(El, 0) , 10.
where i and j range over the accelerated and ambient particle species that contribute to
the synthesis of the isotope l, σlij is the cross section for the nuclear reaction i + j → l
(see Figure 4a-g), Ni is the differential number density of CRs of type i in the ISM (see
Equation 6) and Pl(El, 0) the survival probability of the freshly synthesized isotope l as it
slows down to rest in the ISM from its initial kinetic energy El (see Equation 7). We have
El ≈ E for the spallation reactions induced by fast CNO, because the LiBeB isotope l is
then produced at nearly the same energy per nucleon as that of the projectile at interaction.
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Panels (a)–(f): cross sections for the production of 6Li (black solid lines), 7Li (magenta solid
lines), 9Be (red dashed lines), 10B (blue dashed lines), and 11B (green solid lines) by proton and
α-particle interactions with 12C, 14N, and 16O. Data are mainly from Ref. (99), augmented at
high energies with data compiled in Ref. (91). Panel (g): cross sections for the production of 6Li
and 7Li by reactions of accelerated α-particles with ambient He, from Refs. (99) and (100). Panel
(h): Be production yield normalized to a total kinetic energy of 1 erg injected by the CR particles
into the ISM, as a function of [O/H]. The two curves are obtained from the leaky box model that
correctly describes the recent Voyager 1 and AMS-02 data (see Section 2.2.2 and Figure 2). The
red solid curve shows the case of a constant (i.e. metallicity independent) GCR composition,
whereas the black dashed curve is for a time-dependent composition with CNO abundances
following the evolution of [O/H] in the ISM. The blue hatched area corresponds to the normalized
Be yield implied by the Be vs. O observations, assuming a CR acceleration efficiency of
1.5× 1050 erg per SN (see text).
Reactions of fast protons and α-particles with ambient CNO produce light isotopes of much
lower initial energies, and for these direct reactions Pl(El, 0) ≈ 1. Inserting Equation 6 into
Equation 10, and noting that the energy loss rate is proportional to the ambient H density,
we see that the production yields Ql do not depend on the ambient medium density, but
only on the abundances nj/nH.
Here, we estimate the production rate of the LiBeB isotopes in the Galaxy using the
GCR source parameters found to provide a good description of the recent Voyager 1 and
AMS-02/HEAO-3-C2 data in the leaky box model (Section 2.3.2). Figure 4h shows the
evolution of the normalized Be yield QBe/W as a function of [O/H], where
W =
∑
i
Ai
∫ ∞
0
dEEQ˙i(E) 11.
is the total power contained in the accelerated particles (the mass number Ai in this Equa-
tion comes from the fact that E is expressed in units of energy per nucleon). Two cases
are considered for the accelerated ion composition: (i) the GCR composition obtained from
our leaky box analysis of the Voyager 1 and AMS-02 data (Section 2.3.2), assumed to be
independent of [O/H] (red solid line in Figure 4h) and (ii) the same GCR composition but
with the abundances of the CNO nuclei scaled with (O/H)/(O/H) (black dashed line).
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The latter composition is representative of the assumption that the GCRs are accelerated
directly out of the average ISM. For the ambient medium composition, we used the solar
abundances of Ref. (46), with again a scaling with (O/H)/(O/H) for the CNO elements.
We also corrected the He solar abundance by a slightly decreasing function with decreasing
metallicity (see equation 2 in 61) to take into account the He Galactic enrichment.
The blue hatched area in Figure 4h shows the Be production yield per SN deduced
from observations of Be abundances in metal-poor halo stars (1.0×1048 atoms; Section 3.1),
divided by the total CR energy per SN, WSN = 1.5 × 1050 erg (i.e. 10% of the SN total
kinetic energy, see, e.g., 90). We have considered an error of ±50% on QBe(obs)/WSN
to take into account the uncertainties in both the Be/O ratio (Figure 3) and the mean
O yield from core-collapse SNe. As shown in Figure 4h, the assumption that the GCR
composition in the early Galaxy was the same as today is in good agreement with the data4.
The inflection of the red curve for [O/H] > −1 is due to the increasing contribution of the
direct spallation reactions as the ISM gets enriched in CNO elements.
On the other hand, as originally put forward by Ramaty et al. (91, 14), the model
where the GCRs originate from the average ISM at all times cannot explain the Be data
for [O/H] < −1, because of the energetic inefficiency of the Be production when both the
ISM and the GCRs are depleted in CNO nuclei. Thus, the standard model for the origin
of GCRs underestimates the Be production rate at [O/H] = −2 by a factor of about 50.
The GCR-produced LiBeB isotopic ratios 7Li/6Li and 11B/10B depend mainly on the
nuclear cross sections and weakly on the CR spectrum, as long as the latter is not cut
off at low energies (< 100 MeV/nucleon), where the differences in reaction thresholds can
have significant effects (see Figure 4a-g). Thus, the isotopic ratios found in the present
model, e.g. at solar metallicity 7Li/6Li = 1.6 and 11B/10B = 2.5, are in fair agreement with
previous (i.e. pre-Voyager) LiBeB calculations (10, 12, 13, 14, 15, 91, 101).
3.2.2. Spallogenic nucleosynthesis in supernova remnants. Synthesis of primary Be is ex-
pected to occur in every SNR producing CRs, because before being released in the ISM at
the end of the Sedov-Taylor phase, the particles accelerated at the blast wave can interact
within the remnant with SN ejecta enriched in freshly synthesized CNO nuclei (102, 103).
A simple estimate of this Be production was obtained in Ref. (104) by assuming that a
constant fraction θCR of the available mechanical power processed by the blast wave is con-
tinuously transformed into kinetic energy of CRs, that can produce Be while being advected
with the plasma downstream the shock front. Taking the medium inside the SNR to be
well-mixed, and neglecting the adiabatic and Coulomb energy losses of the fast particles
(for a full calculation taking into account these losses, see 105), the Be production rate per
O-atom in the downstream plasma within the remnant can be written as
(dBe/dt)/O = qBeCR , 12.
where qBe <∼ 10−13 Be s−1 (O-atom)−1 (erg cm−3)−1 is the Be production rate per ambient
O-atom and unit energy density in the CR particles (104) and CR is the mean CR energy
density in the downstream plasma. Identifying the latter to its post-shock value, we have
CR ≈ kθCRρCSMu2s , 13.
4We note that neglecting the GCR catastrophic losses (i.e. assuming τ toti = τ
esc
i in Equation 7)
and taking Λesc = 10 g cm−2 independent of rigidity, as done in previous LiBeB calculations (e.g.
15) increases the QBe/W values by a factor of 1.8–2.5 depending on [O/H].
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where us is the forward shock velocity, ρCSM the mass density of the circumstellar medium
(CSM) surrounding the SNR and k a factor of order unity that depends on the equation of
state of the shocked gas. Integrating the Be production rate (Equation 12) over the SNR
lifetime until the end of the Sedov-Taylor phase, we get (104):
Be
O
<∼ 7× 10−10
(
θCR
0.3
)(
nCSM
1 cm−3
)0.64
. 14.
This result can be directly compared to the observed abundance ratio in low-metallicity
stars, (Be/O)obs ≈ 1.0 × 10−8 (Figure 3), because O in the ISM is thought to be a pure
product of core-collapse SNe. Thus, to account for the Be data, a high CSM density would
be needed for all SNRs, nCSM ∼ 100 cm−3, which is not realistic. Given that most SNe
explode in superbubbles of low-density gas (see Sects. 2.2 and 4.3), we should have instead
nCSM <∼ 0.1 cm−3, such that spallogenic nucleosynthesis in SNRs is expected to contribute
no more than a few percent to the production of primary Be in the early Galaxy. This
robust conclusion is in good agreement with the results of the more detailed calculations of
Refs. (102, 103, 105). Moreover, a SNR currently producing Be at the level of (Be/O)obs
would shine in γ-rays > 100 MeV with a luminosity Lγ ≈ 1039 γ/s, which is significantly
above the observed γ-ray luminosities of SNRs in the Galaxy (106).
4. ORIGIN OF COSMIC RAYS PRODUCING PRIMARY BERYLLIUM
The production of primary Be in the early Galaxy cannot be explained by the standard
model for the origin of GCR nuclei, where these particles are accelerated out of the average
ISM (Section 3.2.1), nor by the spallogenic synthesis of primary Be in SNRs (Section 3.2.2).
The evolution of B also shows a primary behavior at low metallicity, but this could be
explained by ν-induced nucleosynthesis in core-collapse SNe. However, the observed Be
evolution provides new information on the nature of the reservoir(s) of material from which
the particles are accelerated to become CRs. We now discuss various CR models proposed
in the literature to account for the LiBeB abundances measured in metal-poor halo stars.
4.1. Acceleration of freshly synthesized supernova ejecta?
As Prantzos et al. (107) first discussed (and criticized), the most straightforward solution
to explain the Be data would be that each SN accelerates its own freshly-synthesized ejecta.
Thus, elaborating on earlier ideas by, e.g., Cesarsky & Bibring (108), Lingenfelter et al.
(109) suggested that high-velocity dust grains formed in SN ejecta could be the injection
source for the bulk of the CR refractory elements, including C and O. In this model, the
grain material is accelerated both by the SN reverse shock, when it moves back through
the ejecta, and the forward shock, when high-velocity grains catch up with the slowing
blast wave. Being slightly charged, these grains can be efficiently accelerated by the shocks
to energies of ∼ 100 keV/nucleon, where the friction on the background plasma sputters
off individual suprathermal ions that can be further accelerated to CR energies (see also
49, 50).
The model of Lingenfelter et al. (109) was partly motivated by the observation of a
significant broadening of the Galactic 1.809 MeV line from 26Al decay (110), which suggested
the existence of interstellar dust grains (aluminium is a refractory element) propagating at
high speed, vgrain >∼ 450 km/s, some 106 yr after their formation (26Al half-life T1/2 = 7.2×
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105 yr). But this measurement was not confirmed by subsequent gamma-ray observations
with ESA’s INTErnational Gamma-Ray Astrophysics Laboratory (INTEGRAL; 111), and
there is no more evidence that high-velocity SN grains can overtake the forward shock and
escape into the ISM. Dust grains forming in the ejecta are likely processed by the reverse
shock, but the energy contained in this shock is much less than the energy available in the
forward shock (e.g. 112). Several other arguments have been raised that argue against this
scenario (49, 113, 114), the most important being:
• The low mass of the ejecta (typically 10 M for a core-collapse SN) compared to the
mass of ISM and CSM material swept-up by the forward shock, Mswept−up ∼ 103 M
(see 114). Thus, for the bulk of the CR refractory elements to come from fresh SN
ejecta and not from the ISM/CSM processed by the forward shock, the acceleration
efficiency at the reverse shock must be enhanced by a factor ∼ 100 compared to that
at the forward shock, which is contrary to the observations (see, e.g., 112).
• The presence in GCRs of main s-process elements such as barium, which are mainly
synthesized by the slow neutron capture in low-mass stars during the asymptotic giant
branch (AGB) phase. These elements are not expected to be present in significant
amounts in SN ejecta, but they are found in about solar proportions in the GCR
composition (49).
• The time between nucleosynthesis and acceleration, as measured from the 59Ni abun-
dance in the GCR flux. This radioisotope decays by electron capture with a mean
life in the laboratory of 1.1 × 105 yr, but its decay is suppressed once the nuclei are
accelerated and fully stripped. Thus, 59Ni nuclei should be observed in CRs if they
are accelerated less than ∼ 105 yr after the nucleosynthesis in the SN explosion (115),
which is not the case (116). However, recent nucleosynthesis calculations find less
59Ni production in massive star explosions than before, which makes this argument
less compelling (117).
An additional argument against the SN ejecta acceleration model comes from the enrichment
of lanthanides and actinides found in the GCRs (118, 119). This was previously considered
as providing support to the ejecta model, but these elements are now thought to be produced
by the r-process in binary neutron star mergers (120), not in core-collapse SNe.
4.2. Acceleration of CNO-rich stellar winds lost by supernova progenitor stars
prior to explosion?
All isotopic abundance ratios of the GCR source composition are found to be consistent
with the solar composition, except the 22Ne/20Ne ratio, which is measured to be 5.3± 0.3
times the solar value, and maybe the 58Fe/56Fe ratio, which is estimated to be 1.69± 0.27
times solar (121). The large overabundance of 22Ne in the GCRs suggests a significant
contribution of Wolf-Rayet (WR) star winds enriched in He-burning products (mainly 12C,
16O and 22Ne) (122). Thus, in the standard GCR model of Meyer, Ellison & Drury (49, 50),
the 22Ne excess is accounted for by the acceleration of WR wind material when the blast
waves from the most massive SNe expand in the winds lost by the progenitor massive stars
prior to explosion. This scenario was studied quantitatively for the first time by Prantzos
(123), using models of the nucleosynthesis and evolution of both rotating and non-rotating
massive stars with mass loss. He found that the observed GCR 22Ne/20Ne ratio can be
explained if the CRs are accelerated only during the early Sedov-Taylor phase, when the
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forward shocks run through the presupernova winds, and hardly after that, when the SN
shocks propagate in the ISM. Using the shock velocity as the parameter controlling the
acceleration efficiency, Prantzos (123) derived a minimum velocity below which the particle
acceleration must be significantly suppressed: us = 1900 km/s for the rotating star models
and us = 2400 km/s for the non-rotating ones.
The same year, Prantzos (15) reassessed the problem of the LiBeB origin in the light of
this new GCR model. He used massive star evolution models from the Geneva Observatory
group (124), which show that for rotating stars, the CNO abundances in the stellar winds
are almost independent of the star initial metallicity (125). So in this model, the GCR flux
of CNO nuclei was almost the same in the early Galaxy as today, and the spallation of
these nuclei in the ISM produced primary Be. Thus, introducing this new scheme for the
origin of GCRs into a detailed Galactic evolution model, Prantzos (15) was able to provide
a self-consistent description of all observational data relevant to the LiBeB production and
evolution. However, several arguments make this GCR model questionable:
• The low mass contained in massive star winds compared to the total mass of material
swept-up by the forward shock during the Sedov-Taylor phase. Using the Geneva
Observatory database of stellar evolution models with rotation5, and averaging the
stellar wind masses from this database over a Salpeter initial mass function (IMF;
see, e.g., 89), we find that the mean mass of wind material lost by massive stars (of
initial mass between 10 and 120 M) prior to explosion is Mwind ≈ 12 M, which
is about two orders of magnitude lower than Mswept−up (114). Thus, the model
requires a similar enhancement in the accelerated population of wind material over
swept-up ISM material, which is not predicted by diffusive shock acceleration theory.
In Reference (123), the selective acceleration of wind material is achieved due to
the assumed minimum speed of us ≈ 2000 km/s for the acceleration process to be
effective.
• The small amount of energy lost by the blast wave during the early stage of prop-
agation through the progenitor wind. Adopting the model of Ref. (123) for the SN
shock evolution into the CSM, we find that the forward shock looses only about 10%
of its total energy during this early phase. This raises a potential issue with the
requirement that the GCRs must acquire ∼ 10% of the total kinetic energy of the SN
ejecta (Section 2).
• The contribution of thermonuclear SNe (Type Ia) to the GCR production. The blast
waves from these SNe are rapidly expanding into the average ISM (i.e. there is no
wind zone in the CSM) and several remnants from Type Ia SNe (e.g. SN 1006 and
Tycho’s SNR) show signatures of efficient CR acceleration (3). Assuming that the
CR acceleration process stops at the end of the Sedov-Taylor stage for remnants of
SNe Ia, but that it stops at the boundary of the stellar wind bubble for remnants of
core-collapse SNe, the 22Ne/20Ne isotopic ratio in the GCRs can be estimated as:(
22Ne
20Ne
)
GCR
≈ (
22Ne/20Ne)windMwind + (
22Ne/20Ne)ISMMswept−upfSNIa
Mwind +Mswept−upfSNIa
, 15.
where (22Ne/20Ne)wind ≈ 0.63 is the IMF-averaged Ne isotopic ratio in massive star
winds from the stellar yields of the Geneva group (124), Mwind ≈ 12 M (see above),
5See http://obswww.unige.ch/Recherche/evol/Geneva-grids-of-stellar-evolution
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(22Ne/20Ne)ISM = 7.35×10−2 is the solar abundance ratio (46), Mswept−up ∼ 103 M
(114), and fSNIa ≈ 0.25 is the ratio of thermonuclear to core-collapse SN rates in the
current epoch Galaxy. Equation 15 gives (22Ne/20Ne)GCR ≈ 0.1, which is significantly
less than the observed GCR 22Ne/20Ne ratio (121): 0.387±0.007 (statistical) ±0.022
(systematic).
• The abundances of the refractory elements in the GCR source composition, which
are in solar proportions (to within 20%). Mg, Si and Ca are mainly produced in
core-collapse SNe, whereas ∼ 70% of Fe, Co and Ni is currently synthesized in SNe Ia
(126). Once created, these refractory elements are thought to be rapidly locked in
dust grains formed in SN ejecta. The fact that they are found in solar proportions in
the GCR source composition provides strong evidence that the accelerated particles
come from various dust grains of the ISM mix (49). The chemical nature of the dust
grains formed in hot stellar winds, such as those of carbon-rich WR stars, is markedly
different from that of the dust forming in other astrophysical environments (127).
• The observational constraints on the stellar progenitors of core-collapse SNe that
suggest that most, if not all, WR stars do not end their life in SN, but collapse to
form a black hole (128). These objects would thus not produce a shock wave that
can accelerate the 22Ne nuclei contained in the wind from the progenitor star.
For all these reasons, the massive star wind acceleration model seems unlikely.
4.3. Acceleration of cosmic rays in superbubbles?
In the superbubble model for the origin of CRs, the energetic particles are accelerated out of
a mix of average ISM material and fresh ejecta of massive star winds and core-collapse SNe
within hot, low-density superbubbles generated by the stellar activity of OB associations
(Section 2.2). In this scenario, CNO nuclei synthesized by massive stars from an OB asso-
ciation can be accelerated by SN shocks from the explosion of stars from the same cluster,
such that the subsequent spallation of these CNO nuclei in the ISM can produce primary Be
(129). Shock acceleration is expected to be most effective in hot and low-density superbub-
bles (130), which are in fact the “hot ionized phase” of the ISM. As discussed in Section 2.2,
repeated shock acceleration of low-energy particles in the superbubble environment can pro-
duce a hardening of the CR source spectrum in the non-relativistic energy range, and the
predicted CR spectrum may be consistent with the Voyager data (see Section 2.3.2).
A potential issue with the superbubble model arises from the 59Co and 59Ni observa-
tions in the GCR flux, which suggest a delay of ∼ 105 yr between SN nucleosynthesis and
acceleration (116). According to Higdon & Lingenfelter (55), the mean time between suc-
cessive SNe in superbubbles is ∼ 3× 105 yr, which is long enough to allow for the decay of
the bulk of 59Ni between two SN explosions. But Prantzos (131) noted that 59Ni may be
continuously accelerated in superbubbles by the plasma turbulence excited by strong stellar
winds (see also 62). However, revised calculations for the stellar yields of 59Co and 59Ni
essentially removes the requirement of 59Ni decay prior to acceleration (117).
The composition of the matter within superbubbles is not well determined either ob-
servationally nor theoretically. In the classical superbubble model (57), the bulk of the
hot superbubble gas is provided by conductive evaporation from the cold outer shell of the
swept-up ISM. The mass in SN ejecta and stellar wind material then accounts to only a
few percents of the total superbubble mass (see 55). But the cores of superbubbles, where
most SNe occur, could be more enriched in fresh ejecta than the outer zones, depending
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Figure 5
Calculated Be/O yield ratio in the superbubble model as a function of [O/H] in the average ISM,
for various values of the mixing parameter fmix (Equation 16). The solid curves are for the leaky
box model described in Section 2.3.1., whereas the red dashed curve is for a closed Galaxy CR
propagation model (i.e. Λesc →∞), with fmix = 15%. The blue hatched area corresponds to the
Be/O ratio found in metal-poor halo stars (see Figure 3b).
on the level of gas mixing in the superbubble interior. It is also possible that the heating
and evaporation of the outer shell are suppressed by swept-up interstellar magnetic fields,
which would significantly increase the relative abundance of fresh ejecta in the hot gas (55).
According to Lingenfelter & Higdon (133), the average mass fraction of SN and WR ejecta
in the SN-active cores of superbubbles is about 17%±5%, which corresponds to a super-
bubble core metallicity of ∼ 2.1 times that of the average ISM at present epoch, given that
the IMF-averaged metallicity of SN and massive star wind ejecta is about 7.5 times the
present ISM value (and about 10 times the protosolar metallicity). Such a high metallicity
of superbubble gas may not be supported by soft X-ray observations of the hot ISM, nor
by that of superbubbles in the Large Magellanic Cloud (see, e.g., 134). However, X-ray
measurements may underestimate the actual metallicity of hot gas if most of the metals are
locked in dust grains (135, 136).
In Figure 5, we study the level of mixing of fresh SN ejecta and old ISM required to
account for the Be/O ratio measured in metal-poor halo stars. In practice, we took the
source abundance of CRs of type i (p, α, 12C, 14N, and 16O) to be
KCRi = fmixK
ej
i + (1− fmix) KISMi , 16.
where Keji is the abundance of isotope i in the IMF-averaged SN ejecta, for which we used
the yields of Ref. (90) for SNe of initial metallicity Z = 0.01Z (normalized to Kejp = 1, we
find Kejα = 0.195, K
ej
12C
= 1.8 × 10−3, Kej14N = 5.9 × 10−6 and Kej16O = 8.8 × 10−3)6, and
KISMi is the abundance of specie i in the average ISM, where, as before (Section 3.2.1), we
6While the p, α, C and O abundances are largely independent of metallicity, it is not the case for
N, which is a secondary element. However, the contribution of N spallation to the Be production
is negligible.
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scaled the CNO abundances with (O/H)/(O/H) and multiplied the He solar abundance
with a slowly varying function of [O/H] to account for the Galactic enrichment. We also
assume that the broken power-law CR source spectra obtained from the Voyager data
(Section 2.3.2) are representative of the average energy distributions of CRs in the Galaxy
since its formation.
The Be/O production (or yield) ratio is obtained from
Be
O
=
(QBe/W )WSNmO
MejO
, 17.
where (QBe/W ) is the normalized Be production rate per unit CR power calculated with the
same leaky box model as before (see Sects. 2.3.1, 3.2.1 and Figure 4h), WSN = 1.5×1050 erg
is the assumed total CR energy per SN, mO is the mass of the O atom, and M
ej
O = 1.2 M
the mean mass of O produced in a core-collapse SN (90).
Figure 5 shows that the calculated Be/O yield ratio evolves from a constant value at
low metallicity, characteristic of a primary Be production process, to a ratio proportional to
(O/H) above a transition value [O/H]t, which depends on the mixing parameter fmix (see
also 61). Such a behavior is consistent with the Be vs. O data (Figure 3b). As long as the
Be/O yield ratio is constant, it can be directly compared to the abundance ratio measured
in metal-poor halo stars (blue hatched area in Figure 5), but for [O/H] > [O/H]t, the
comparison with observations requires the use of a Galactic chemical evolution model (e.g.
132). In the leaky box model adopted to fit the Voyager 1 and AMS-02 data (Section 2.3),
a mixing fraction fmix >∼ 45% is required to account for the observed Be/O ratio at low
metallicity (Figure 5). This would imply a superbubble core metallicity at present time
>∼ 5.2 times solar, which is not supported neither by observations nor by theory (see above).
However, it is likely that the GCRs were more efficiently confined in the Galaxy during
its early halo phase than today, because the ISM turbulence was probably higher at that
time and the halo boundary was farther (12). We see from Figure 5 that in a closed-Galaxy
CR propagation model with Λesc → ∞, the observed Be/O ratio can be reproduced with
fmix >∼ 15%. Taking into account that in the early Galaxy ∼ 80− 90% of all Galactic SNe
(mostly core-collapse) occurred in OB associations (137), the mean SN-WR ejecta mass
fraction in the SN-active core of superbubbles should then be >∼ 17%, which is consistent
with the estimate of Lingenfelter & Higdon (133). It is also consistent with measurements
of GCR metal abundances, which suggest that the CR source material consists of a mixture
of ∼ 20% ejecta from massive stars and ∼ 80% ISM material with solar composition (47, 48,
and references therein).
Higdon & Lingenfelter (138) found that a similar mass fraction of 18%± 5% of SN-WR
ejecta in superbubble cores can explain the anomalously high 22Ne/20Ne ratio of the GCR
source composition (see Section 4.2). But using more recent stellar yield calculations (124),
Prantzos (15) found that the Ne isotopic ratio in superbubbles should be close to solar,
which is to be expected as massive stars are the main source of both 20Ne and 22Ne. About
40 years after the discovery of the GCR 22Ne excess (139), the origin of this important
isotopic anomaly is still not explained.
4.4. A distinct component of low-energy cosmic rays?
Another CR model that arose in the 1990s invokes the existence of an additional component
of low-energy CRs (LECR), with kinetic energies <∼ a few hundreds of MeV/nucleon, which
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would be responsible for the production of the bulk of primary Be (140, 141, 91). This model
is distinct from the “carrot” model proposed in the 1970s to enhance the production of 11B
(10, see Section 3.1), because the low-energy CRs in the latter model were supposed to have
the same composition as the standard GCRs and thus would produce only secondary Be. In
the model developed in the 1990s after the LiBeB abundance measurements in metal-poor
halo stars, the low-energy CRs are preferentially accelerated in the winds of massive stars
or in massive SN explosions within superbubbles (142, 143).
However, the recent CR observations by the Voyager 1 probe beyond the heliopause
(17) seem to argue against this model, given that (i) the measured spectra do not show
any additional flux of low-energy CRs, and (ii) the solar system is currently inside a small
superbubble, namely the Local Bubble, which was created by the activity of about 14 to
20 massive stars originating from the Scorpius-Centaurus OB association (144).
The total CR ionization rate of atomic hydrogen resulting from the Voyager spectra,
ζH = (1.51 − 1.64) × 10−17 s−1, is, however, a factor > 10 lower than the average CR
ionization rate of ζH = 1.78× 10−16 s−1 (145) measured in clouds across the Galactic disc,
using line observations of ionized molecules by the Herschel satellite (21). This difference
may suggest that LECRs are relatively less abundant in the local ISM than elsewhere in
the Galaxy. Observations of H+3 in diffuse molecular clouds show indeed that the density of
LECRs can strongly vary from one region to another in the Galactic disk, and, in particular,
that LECR fluxes can be significantly higher than the average value in diffuse molecular
gas residing near sites of CR acceleration such as SNRs (20, 34, and references therein). It
is not known, however, if the extra ionization is due to LECR ions or electrons (146).
The best way to test the existence of additional fluxes of LECR nuclei in the ISM and
probe the distribution of these particles in different Galactic environment would be to detect
the characteristic gamma-ray lines between 0.1 and 10 MeV produced by nuclear collisions
of CRs with interstellar matter (147). The detection of this long-predicted emission (148)
can be revealed by a future gamma-ray space mission like e-ASTROGAM (149).
5. SUMMARY AND OUTLOOK
We have reviewed the SNR paradigm for the origin of GCRs in the light of the recent
CR data acquired by the Voyager 1 and AMS-02 space instruments. We have pointed
out that the spectrum of CRs released from SNRs is likely to show a deviation from the
pure power law in momentum predicted by the diffusive shock acceleration theory for the
particle distribution function at the shock, and that this deviation should take the form of a
hardening of the released CR spectrum towards lower momenta. A spectral break is indeed
expected at the transition between high-energy CRs continuously escaping the SNR shock
from upstream during the Sedov-Taylor phase and low-energy CRs released at the end of
the SNR evolution, when the shock becomes radiative and eventually dissolves in the ISM.
We have also discussed the acceleration of CRs in superbubbles powered by multiple SNe
correlated in both time and space. In this case also, a hardening of the CR source spectrum
at low energies can be expected, due to the diffusion of these particles through multiple
shocks in the superbubble interior.
Using a standard leaky box model to describe the propagation of CRs in the ISM,
we have shown that the CR energy distributions recently measured by Voyager 1 and
AMS-02 are consistent with the expected spectral hardening at low energies. In particular,
the measured CNO spectra can be fitted with a very hard CR source spectrum below
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Ebreak ≈ 200 MeV/nucleon, fi(p) ∝ p−3, which is close to the predicted CR spectrum
resulting from multiple shock acceleration in superbubbles. The derived proton and α-
particle source spectra are somewhat softer, the best-fit power-law index being q = 3.75
below Ebreak, and the origin of this difference definitely deserves further attention. Clearly,
the recent data collected by the Voyager 1 probe beyond the heliopause still have a lot to
tell us about the origin of CRs in the Galaxy.
We have then reassessed the theory for the spallogenic origin of LiBeB isotopes in the
light of the new information gained on low-energy CRs. The Be abundances measured in
metal-poor halo stars also provide information on CR origin, because these data cannot
be explained by the standard GCR model in which the energetic particles are accelerated
out of the average ISM. Specifically, the observed Be abundances vs. [O/H] suggest that
in the early halo phase of the Galaxy, Be was mainly produced by spallation of fast CNO
nuclei that were much more abundant (relative to H) in the GCR composition than in the
average ISM composition at that time. The superbubble model for the origin of GCRs
provides a plausible explanation for these observations by arguing that the reservoir of
material in superbubble cores from which the particles are accelerated, is enriched in fresh
ejecta of massive star winds and core-collapse SNe. Assuming that the CR source spectra
obtained from the Voyager data are representative of the CR energy distributions in the
early Galaxy, and that the GCRs were more efficiently confined in the Galaxy during
its early halo phase than today, we have found that a mixture in superbubble cores of
>∼ 17% of ejecta from massive stars and <∼ 83% of older ISM material can account for the
observed Be abundances in low-metallicity stars. In this model, Be is mainly produced at
the current epoch by spallation of interstellar CNO nuclei, i.e. as a secondary element,
which is consistent with the observed Be evolution as a function of [O/H]. The recent very
first detections of superbubbles in both the GeV and TeV energy domain (6, 150) encourages
belief that in the near future the superbubble scenario for the origin of GCRs might become
testable by means of gamma-ray observations.
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